The glucan polymers synthesized from sucrose by streptococcal glucosyltransferase (GTF) enzymes facilitate the accumulation of a microbial biofilm on the tooth surfaces. Although some oral streptococci have multiple GTF enzymes within one organism, the commensal species Streptococcus gordonii has only one GTF, which can synthesize both ␣-1,3-and ␣-1,6-linked glucans (10, 11) . The sucrose-promoted colony phenotype (Spp) conferred by these glucans to S. gordonii growing on sucrose agar is related to the level of GTF activity (26) . Strains with parental levels of GTF activity are Spp ϩ , whereas strains with up to ca. 40% of the parental level of GTF activity are Spp Ϫ (26) . Spp ϩ and Spp Ϫ phenotypes have been associated with the ability of growing S. gordonii cells to attach and detach, respectively, from substrata in in vitro dental plaque models (31) . Thus, the ability to control expression of GTF protein and subsequent glucan production may provide ecological advantages for colonization of surfaces in vivo.
The expression of the S. gordonii strain Challis GTF structural gene, gtfG (35) , is controlled by the positive regulatory determinant rgg, which encodes a predicted 34-kDa cytoplasmic protein (25) . Although there were no genes with sequence homologies when rgg was first identified (25) , genomic sequencing projects have identified multiple rgg-like genes in Streptococcus pyogenes (7) , Streptococcus pneumoniae (27) , and Streptococcus mutans (http://www.genome.ou.edu). Indeed, two rgg-like genes in addition to rgg have been identified in S.
gordonii (12, 38) . Genes with similarity to rgg have also been described in Streptococcus sanguis, Streptococcus oralis, (33, 9) and Lactococcus lactis (23) . Clearly, rgg-like determinants appear to make up a fairly widely occurring gene family in pathogenic and commensal bacterial species. Those rgg-like determinants that have been characterized appear to share positive regulatory functions (4, 16, 20, 23, 24) .
The putative promoter and ribosomal binding site of gtfG are located within a DNA inverted repeat immediately downstream of rgg. Previous studies have described important aspects of this regulation (24, 25) . Northern blotting and primer extension analyses have demonstrated rgg-and gtfG-specific, as well as polycistronic rgg-gtfG mRNA transcripts in the parental strain CH1 (24) . Providing rgg in trans on the streptococcal plasmid pAMS57 increased levels of gtfG-specific transcript, resulting in increased levels of GTF activity; pAMS57 did not influence the level of the polycistronic rgg-gtfG transcript, indicating that the rgg product does not act at its own promoter (24) .
It has been hypothesized previously that potential nucleic acid secondary structures resulting from the DNA inverted repeat sequence between rgg and gtfG could influence gtfG expression (25) . The mRNA in this region may form a stemloop that inhibits gtfG translation; translation of rgg may be necessary for efficient translation of gtfG, as is seen in translational coupling (19) . Previous studies (24) have also shown that a 136-bp EcoRI-NsiI fragment containing the 3-prime end of rgg, the rgg-gtfG intergenic region, and the first 27 nucleotides of gtfG can function as a promoter in Escherichia coli to control expression of a promoterless lacZ. Plasmid-borne rgg increased lacZ activity, indicating that the encoded Rgg increased tran-scription of the gtfG promoter. However, results obtained using streptococcal promoters cloned in E. coli must be interpreted with caution. E. coli may recognize AT-rich streptococcal DNA sequences as promoters even if these regions do not function as promoters in streptococci (6) . Conversely, factors necessary for expression of gram-positive genes, such as sigma factors, polymerases, etc., may not be present in E. coli. To further investigate these possibilities, the studies presented here were undertaken to gain further insights into the relative contributions to GTF activity by the rgg and gtfG promoters in the S. gordonii genetic background. The potential influence of the predicted stem-loop structure between rgg and gtfG was examined, and the chromosomal site of trans-acting rgg product was further defined. Effects on GTF activity and sucrose-promoted colony phenotype resulting from nucleotide changes in these chromosomal regions were examined. The results provide insights into the molecular basis underlying GTF activity in S. gordonii and may be relevant for understanding the general regulatory mechanism(s) shared by the newly recognized family of rgg-like determinants in streptococci and related bacteria.
MATERIALS AND METHODS
Bacteria, medium, and culture conditions. Bacterial strains and plasmids used in these studies are listed in Table 1 . Strains were stored at Ϫ70°C in 50% glycerol. S. gordonii strains were grown in Todd-Hewitt medium (TH; Difco) or in defined FMC medium (28) and incubated at 36°C in an anaerobic chamber with a gas mixture of 85% N 2 , 10% H 2 , and 5% CO 2 . The sucrose-promoted colony phenotype (Spp ϩ for parental strain Challis CH1), a hard colony phenotype which has been associated with glucan synthesis (26) , was determined on 3% sucrose TH agar plates incubated for 48 h in 5% CO 2 . E. coli strain DH5␣ (Invitrogen) was grown in Luria-Bertani medium at 37°C with aeration. Selection and growth for strains carrying antibiotic resistance determinants were done at levels of 5 g of erythromycin/ml and/or 250 g of spectinomycin/ml for S. gordonii strains and with 300 g of erythromycin/ml, 50 g of spectinomycin/ml, or 100 g of ampicillin/ml for the E. coli strains.
DNA isolation and manipulations. DNA preparation and manipulations were done according to standard molecular biology procedures (2) . Modifications for S. gordonii strains included growing bacteria in medium supplemented with 0.5% glycine and incubating cell pellets with mutanolysin and lysozyme to facilitate lysis, as previously described (24) . Plasmid DNA was prepared using Qiagen purification columns (Valencia, Calif.) according to the manufacturer's directions. Double-stranded PCR products were obtained using Elongase enzyme (Invitrogen Life Technologies). To facilitate cloning, in some cases oligonucleotide primers were designed with engineered restriction sites and random flanking 5Ј nucleotides to ensure efficient digestion of products. DNA fragments were isolated by electrophoresis followed by elution from agarose gels with a Qiaex II For Southern hybridization analyses, S. gordonii chromosomal DNA was digested with appropriate restriction enzymes, electrophoresed on 0.7% agarose gels, and transferred to Hybond-N membranes (Amersham) by standard procedures (22) . Double-stranded DNA probes were labeled with digoxigenin-dUTP, hybridized to the membranes, washed under stringent conditions, and detected by chemiluminescence with the Genius System (Roche Molecular Biochemicals), according to the manufacturer's directions.
Construction of S. gordonii strains with separation of rgg and gtfG by intervening vector DNA. A schematic representation of the relevant S. gordonii chromosomal regions in these studies is shown in Fig. 1 . The method for constructing strains with separation of rgg and gtfG involved a single DNA crossover, resulting in plasmid integration into the strain CH1 chromosome, as is outlined in Fig. 2 . To preclude the possibility of readthrough from vector DNA into cloned sequences, a transcriptional and translational terminator omega fragment (⍀) (8) was amplified by PCR with primers 5Ј-TAGATATCTGATCCGGTGGATGAC CTT-3Ј and 5Ј-TAGAATTCCATGGTGATTGATTGAGCAAGCTTTATG-3Ј to create compatible cloning sites (underlined). This PCR product also had an engineered NcoI site (italicized), to be used for additional genetic constructs (see construction of strain CH⍀N, below). The resulting ca. 150-bp product was digested with EcoRV and EcoRI and directionally cloned into pBluescript II KS(ϩ) (Stratagene) to create pMI22⍀. After the nucleotide sequence analysis, the confirmed product was removed from pMI22⍀ by digestion with EcoRV and EcoRI and cloned into the compatible PvuII and EcoRI sites of the E. coli plasmid pVA891 (18) , which is unable to replicate in streptococci, to create pMI891⍀.
A series of nested DNA fragments containing the gtfG promoter and increasingly larger regions of rgg were made by PCR using the pAMS57 template. PCR primers were designed with flanking compatible restriction sites to facilitate cloning. The downstream primer for each fragment was the same and was designed to anneal to the NsiI site 27 bp downstream from the start codon of gtfG. This primer, 5Ј-TAGGATCCTAATGCATTTTATAATGAAC-3Ј was also designed to encode an engineered translational stop (boldface) immediately after the NsiI site (italics). The upstream primers were designed to amplify increasingly larger regions of rgg and were either designed to include the EcoRI site near the 3Ј end of rgg (Fig. 1, nucleotide 1401) or, for larger fragments, had engineered MunI sites for compatible cloning. To construct pMI8923 (Fig. 2) , primer 5Ј-GAGCGAATTCAACTAACAGTAG-3Ј, designed to anneal to the rgg region flanking the EcoRI site, was used. To construct pMI8924, primer 5Ј-ATCAATTGTTAAATACCATTGTGATC-3Ј, designed to anneal between the NcoI and SalI sites within rgg (Fig. 1) , was used. For pMI8925, 5Ј-ATCAA TTGATGCTTATCGTAAAGTCGTC-3Ј was designed to anneal at the rgg start codon (boldface). The resulting PCR products were digested with appropriate restriction enzymes and cloned into the EcoRI and BamHI sites of pMI891⍀. As a control for effects of the integrated vector, the DNA region containing the rgg promoter was amplified with primers 5Ј-CGCAATTGCAATCTCTGAGCGG-3Ј, designed to anneal 36 bp upstream of the htpX stop codon, and 5Ј-ATGGA TCCACCTCACTTGCATATATG-3Ј, which annealed 1 bp upstream of the rgg start site. The resulting 422-bp fragment was similarly cloned into pMI891⍀ to create pMI8927.
The integrative plasmids were each transformed into the parental strain CH1, and erythromycin-resistant putative transformants were selected. Expected integration of pMI8923, pMI8924, and pMI8925 would result in the chromosomal region encoding rgg and the first 32 bp of the 5Ј end of gtfG upstream of the inserted vector in the resulting strains CH8923, CH8924, and CH8925. However, the expected region downstream of the integrated vector differed in each strain, with increasing larger regions of rgg and the gtfG promoter duplicated before the complete gtfG gene. For each strain, the site of chromosomal integration was confirmed by Southern hybridization analyses using both pVA891 and the cloned insert as probes. Constructs with expected patterns on Southern hybridization analysis (data not shown) were confirmed by direct sequencing of PCR products amplified with oligonucleotide primers that flanked the inserted plasmids by using chromosomal template from each strain.
Construction of spectinomycin-resistant streptococcal plasmids. In order to measure the effect of trans-acting rgg on strains with integrated erythromycinresistant pMI891⍀, it was necessary to construct a stable streptococcal plasmid with a selectable antibiotic resistance determinant. A spectinomycin-resistant determinant with its own promoter and transcriptional terminator (14) A ca . 150-bp PCR fragment containing translational stops and the T4-transcription termination signal from an omega termination fragment (8) was directionally cloned into PvuII/EcoRI sites of pVA891 to create pMI891⍀. The region surrounding the junction of rgg and gtfG was amplified by PCR using oligonucleotide primers with an engineered translational stop and a BamHI site in the downstream primer to facilitate cloning and prevent potential readthrough from the gtfG ribosomal binding site into vector sequences. The DNA inverted repeat sequestering the gtfG putative promoter (Ϫ35 and Ϫ10) and ribosomal binding site (SD) is designated by large inverted arrowheads. This PCR fragment was then cloned into the EcoRI and BamHI sites of pMI891⍀. The resulting plasmid was transformed into the parental strain CH1. The erythromycin-resistant transformant strain CH8923 was confirmed by Southern hybridization and nucleotide sequence analysis (data not shown) to have duplicated gtfG promoters with rgg separated from gtfG by the intervening vector. Strains CH8924 and CH8925, which contained larger regions of rgg cloned into pMI891⍀, were similarly constructed. into the SmaI site of pGEM-7Zf Ϫ (Promega) was removed from the vector by digestion with EcoRI and BamHI, leaving a HindIII site from the multiple cloning region immediately downstream of the spectinomycin transcriptional terminator. The resulting ca. 1.1-kb fragment was blunted with Klenow fragment and cloned into the SnaBI site of the erythromycin resistance determinant in the streptococcal plasmid pVA749 (17) . Digestion with HindIII, to remove the upstream region of the erythromycin resistance determinant, and recircularization resulted in plasmid pMISP49. The same cloning method was used to replace the SnaBI-HindIII fragment of pAMS57 with the spectinomycin resistance determinant, resulting in pMISP57 (Fig. 3) . Although 163 bp of the downstream region of the erythromycin resistance structural gene remained, S. gordonii strains carrying pMISP49 and pMISP57 were spectinomycin resistant and erythromycin sensitive. Because these plasmids contained no E. coli origin of replication, all construction was done in S. gordonii strain CH1. The presence of plasmids in all putative transformant strains in these studies was confirmed by plasmid isolation and examination of restriction digest fragment patterns on agarose gels (2) .
Construction of S. gordonii strains with chromosomal deletions of the 3 end of rgg and various regions of the rgg-gtfG intergenic region. S. gordonii strain CH1 was transformed with linear DNA that was constructed in E. coli from plasmids which contained the desired nucleotide sequence. Homologous recombination between similar chromosomal and linear DNA on both sides of the deletion site resulted in allelic exchange and integration of the desired mutation into the S. gordonii chromosome. Constructs were made in pMI2201, which carries a 2.255-kbp ApaI-SstI insert fragment with the parental 3Ј end of htpX, rgg, and the 5Ј end of gtfG (Fig. 1) . A series of PCR products containing the desired deletions were designed to be cloned into compatible restriction sites in pMI2201 to facilitate replacement of parental nucleotides with the desired mutations.
To construct S. gordonii strain CH⌬R1, which had a deletion between the SalI and EcoRI sites of rgg, the forward primer 5Ј TCCTCGAGGGTAGAATTCAA CTAACAGTAGTTGC-3Ј was designed with a 5Ј XhoI site (underlined) compatible with SalI, an in-frame engineered translational stop (boldface) designed to anneal to the EcoRI site (italics) of rgg, and the continuing downstream sequence (Fig. 1) . Similarly, to construct strain CH⌬35, which has an additional 36-bp deletion of the 3Ј end of rgg (nucleotides shown in italics in Fig. 1 ), the forward primer 5Ј-ATCTCGAGAATAGAACCTCCTCTGAAAAAG-3Ј was used. This primer was designed to anneal 2 bp upstream of the rgg stop codon (boldface) and the gtfG putative Ϫ35 sequence (Fig. 1) . To construct strain CH⌬10, which in addition to the deletion of the 3Ј end of rgg also has a deletion of the putative gtfG promoter, the forward primer 5Ј-TACTCGAGGGTAAAA CTTTATACTATTTTC-3Ј, designed to anneal to the sequence designated with the CH⌬10 arrow in Fig. 1 , was used. Each forward primer was used in PCR with pMI2201 template and the same reverse primer 5Ј-TTGAGCTCAACTGCAA AGTT-3Ј which contained the gtfG SstI site of pMI2201 (Fig. 1) . The resulting PCR products were digested with XhoI and SstI and cloned into SalI-SstIdigested pMI2201, thereby replacing the 1.131-kb parental fragment. The nucleotide sequence of the entire resulting insert in each plasmid was determined to confirm the correct expected sequence.
To prepare DNA for construction of the S. gordonii strains, the pMI2201 derivative plasmids with the three different deletions were each digested with EcoRV and SstI. The resulting ca. 1.5-kb linear EcoRV-SstI fragments had 763 bp upstream of the rgg SalI site and a minimum of 750 bp of gtfG available for recombination with homologous chromosomal DNA on either side of the deletions. These fragments were eluted from agarose gels and transformed into strain CH1. Since the strains were all designed to encode truncated Rgg proteins as in strain DS512 (25) , it was hypothesized that they would have similar Spp Ϫ colonies. Therefore, transformed cells were plated on TH agar with 3% sucrose. Spp Ϫ putative transformants were examined by Southern hybridization analysis, and strains with appropriately sized fragments hybridizing to rgg-gtfG probes (see Results) were chosen for nucleotide sequence analysis. Chromosomal DNA from each selected strain was used as the template in PCR with primers designed to anneal ca. 100 bp upstream of the ApaI site (5Ј-GGCAGCTACCTTGGTTCA GTTG-3Ј) and ca. 575 bp downstream of the SstI site (5Ј-AAGCAGACGATA TCTAGAATTGGC-3Ј). The nucleotide sequences of the resulting products were determined directly to confirm the expected chromosomal sequences for each strain.
Construction of S. gordonii strains with chromosomal replacement of the rgg promoter and the 5 end of rgg with an ⍀ fragment. A similar approach using allelic replacement was used to construct strains CH⍀N and CH⍀R1. To ensure that transcription of rgg did not occur due to readthrough from the upstream lemA-htpX transcript (37), the ⍀ transcriptional terminator fragment in pMI22⍀ was digested with EcoRV and NcoI and directionally cloned into the EcoRV site immediately downstream of the htpX gene and NcoI site in rgg in pMI2201 (Fig.  1) . Similarly, the ⍀ fragment was removed from pMI22⍀ by digestion with EcoRV and EcoRI and cloned into the corresponding sites downstream of htpX and within rgg in pMI22⍀. This resulted in replacement of the rgg promoter and the 5Ј end of rgg up to the NcoI site or the EcoRI site with an ⍀ terminator. After digestion of the resulting plasmids with ApaI and SstI, the ca. 1.762-kb and 1.219-kb linear fragments, corresponding to the ⍀ replacement of the EcoRVNcoI and EcoRV-EcoRI parental fragments in pMI2201, respectively, were each transformed into strain CHI. Spp Ϫ colonies were selected for further characterization by Southern hybridization and nucleotide sequence analysis to confirm the expected chromosomal sequences.
Construction of recA-deficient strains. To minimize the potential of recombination between plasmid-borne and chromosomal copies of rgg in complementation studies, recA-deficient strains were constructed. After confirmation of the desired rgg and gtfG chromosomal sequences, strains were transformed with pAM6200, a spectinomycin-resistant streptococcal integrative plasmid carrying a ca. 300-bp internal fragment of the S. gordonii recA gene (32) . Expected integration of pAM6200 into the streptococcal chromosome was confirmed by Southern hybridization using the internal 300-bp recA fragment as a probe. Sensitivity to UV light, as an additional indicator of recA deficiency, was detected by inhibition of growth on agar plates, as previously described (32) . The recAdeficient strain CHR3 (32), a similarly constructed mutant of the parental strain CH1, was used as the positive control.
Determination of GTF activity. Relative amounts of GTF protein were determined by measuring the enzyme activity in polyacrylamide gels as previously described (26, 34) . Briefly, strains were grown to the same mid-to late-log stage as determined by cell density (optical density at 520 nm [OD 520 ] in FMC medium, or OD 600 in TH medium) and equal volumes of cell-free supernatants were run on sodium dodecyl sulfate-8.75% polyacrylamide gel electrophoresis (SDS-PAGE) gels. After electrophoresis, gels were incubated overnight in 3% sucrose, 0.5% Triton X-100 in 10 mM sodium phosphate, pH 6.8, at 37°C, and the resulting glucan bands were treated with periodic acid and pararosanaline. The intensity of the stained bands reflects the relative amounts and activities of the GTF protein (26, 36) . Relative amounts of GTF activity were determined via laser densitometric scanning (Ultrascan XL; LKB) of at least four independent gels. Activities are reported as a percentage of the parental activity (set at 100%) on the same gel. For strains in which the recA gene was disrupted by integration of pAM6200, the activity was compared to that of strain CHR3, i.e., the parental strain CH1 with integrated pAM6200 (32) . Previous studies (26, 34) have shown that this method of measuring S. gordonii GTF activity is comparable in sensitivity to that of assays using [ 14 C-glucose]sucrose incorporation into glucan polymers. 
FIG. 3. Maps of plasmids
derived from the erythromycin-resistant streptococcal plasmid pVA749 (17) used in these studies to determine trans effects of rgg. pAMS57, which has been shown to increase gtfG transcription (24), carries a ca. 1.4-kb rgg fragment. To construct pMISP57, the ca. 1.6-kb SnaBI-HindIII fragment was removed from pAMS57 and replaced with a ca. 1.1-kb spectinomycin resistance determinant (14), as described in Materials and Methods. For control experiments, the spectinomycin-resistant vector pMISP47 was similarly constructed from pVA749. Reading directions of rgg and erythromycin resistance (Em r ) and
RESULTS
Separation of rgg and gtfG results in Spp ؊ colonies. To examine effects of separating rgg from gtfG by intervening vector sequences, strain CH8923 was constructed and its GTF activity was examined. The resulting colonies were Spp Ϫ on sucrose agar plates, suggesting a decreased level of GTF activity (Fig. 4) . This was confirmed by GTF activity gels which showed that strain CH8923 had only 24.75% Ϯ 8.1% (mean Ϯ standard deviation) of the parental level of GTF activity (Fig.  5A) . These results indicated that in S. gordonii gtfG was transcribed from its own functional promoter and did not require the polycistronic rgg-gtfG transcript from the rgg promoter for gtfG expression. Nevertheless, although strain CH8923 had a complete chromosomal copy of rgg upstream of the integrated vector and a complete putative promoter and gtfG downstream of the integrated vector, this strain did not exhibit parental levels of GTF activity. Since the duplicated 136-bp region containing the gtfG promoter could potentially act as a titration site for trans-acting products of rgg, strain CH8923 was transformed with the multicopy plasmid pMISP57, which carried rgg (Fig. 3) , in order to overcome any potential titration effects.
Unexpectedly, transformants had no change in the Spp Ϫ colony phenotype (Fig. 4) or increase in GTF activity (23.2% Ϯ 7.6% of the parental level of GTF activity). Although previous results in E. coli had suggested that the 136-bp EcoRI-NsiI DNA region duplicated in strain CH8923 was sufficient to allow plasmid-borne rgg to increase gtfG transcription (24), it was possible that in S. gordonii additional DNA upstream of the EcoRI site was necessary for the product of rgg to increase gtfG transcription and produce Spp ϩ colonies. To examine this possibility, strains with increasingly larger regions of DNA upstream of the rgg EcoRI site were similarly constructed.
Additional DNA immediately upstream of the gtfG promoter is necessary for plasmid-borne rgg to increase transcription. Although strains CH8924 and CH8925, which contained an additional 506 and 854 nucleotides immediately upstream of the rgg EcoRI site, respectively, had the parental rgg promoter and structural gene upstream of the integrated vector, these strains had Spp Ϫ colonies and decreased levels of GTF activity (28.2% Ϯ 9.1% and 26.3% Ϯ 12.8% of the parental level, respectively), similar to that of strain CH8923 (Fig. 5A) . Fur- thermore, transformation of these strains with plasmid-borne rgg was unable to confer the Spp ϩ phenotype. However, the control strain CH8927, which had a duplication of the rgg promoter and ribosomal binding site upstream of the integrated vector and the rgg promoter, ribosomal binding site, and structural gene adjacent to gtfG downstream of the integrated vector (Fig. 4) , had Spp ϩ colonies and GTF activity similar to the Spp ϩ parental strain CH1 (Fig. 5A ). This confirmed that the integrated vector did not interfere with GTF activity. Additionally, strain CH8927(pMISP57), which carried plasmidborne rgg, had Spp ϩϩϩ colonies similar to those of the Spp ϩϩϩ parental strain CH1(pMISP57) (Fig. 4) . Spp ϩϩϩ colonies are very hard and associated with levels of GTF activity higher than parental levels (25) . These findings suggested that transcription and/or translation of chromosomal rgg adjacent to gtfG was necessary for parental levels of GTF activity. Furthermore, this gene arrangement appeared to be necessary for the product of plasmid-borne rgg to increase GTF activity to the level that the synthesized glucans conferred the Spp ϩϩϩ colony phenotype. FIG. 5 . GTF activity gels. Cells were grown at 36°C to the same mid-to late-log stage as determined by OD 520 and OD 600 readings in FMC or TH medium, respectively. Equal volumes of cell-free culture supernatants were run on SDS-PAGE gels, incubated in sucrose and Triton X-100, and treated with periodic acid, and the resulting glucan bands were stained with pararosanaline. Band intensity is proportional to GTF activity. The position of the ca. 174-kDa native GTF protein is indicated. Beneath the native protein band are lower-molecular-mass bands with various levels of GTF activity. These lower-molecular-mass forms of GTF are thought to be due to the degradation of the native GTF enzyme by endogenous proteases, and they occur even in the presence of protease inhibitors (10) To overcome the difficulties in interpretation due to potential titration effects and/or recombinations between similar plasmid-borne and chromosomal flanking DNA, a series of strains was constructed via allelic replacement that had chromosomal deletions without integrated vectors. Strains CH⌬R1, CH⌬35, and CH⌬10 were designed with nested deletions of the 3Ј end of rgg and the rgg-gtfG intergenic region (Fig. 1) . These strains had engineered translational stop codons similar to that of strain DS512, which has a premature translational stop site downstream of the SalI site of rgg (25) . Thus, the constructed strains would encode truncated Rgg similar to that of strain DS512 and would be expected to exhibit low levels of GTF activity. Accordingly, putative transformants were selected by their Spp Ϫ colonies on sucrose agar and analyzed. Southern analysis of strain DS512 confirmed the previously reported (25) loss of the internal rgg SalI site, which destroys the overlapping HincII site (Fig. 6 ). Strains CH⌬R1, CH⌬35, and CH⌬10 also showed loss of the HincII site, as expected from compatible annealing of the SalI-and XhoI-digested DNA used to construct these strains. Strains CH⌬35 and CH⌬10 showed the loss of the rgg EcoRI site. Chromosomal DNA of these strains was also probed with a DNA fragment containing the common region of desired deletion shared by strains CH⌬R1, CH⌬35, and CH⌬10 (Fig. 6 , Probe III). Although Probe III hybridized to fragments of expected sizes in strains CH1 and DS512, no hybridization to chromosomal DNA of strains CH⌬R1, CH⌬35, and CH⌬10 was detected (data not shown), indicating that the desired deletion had occurred in each of these strains. Nucleotide sequence analysis confirmed these results.
Opening of the potential stem-loop sequestering the gtfG putative promoter and ribosomal binding site increases GTF activity. The ca. 6% level of GTF activity compared to that of the parental strain CH1 of strain DS512 (Fig. 7) was consistent with the previously reported 3 to 5% levels reported for this strain (25) . As expected, strains CH⌬R1 and CH⌬35 had similar low levels of GTF activity (Fig. 7) . Thus, the deletion of the DNA downstream of the SalI site in strains CH⌬R1 and CH⌬35 did not affect the expression of gtfG compared with the level seen in strain DS512, which encoded a similarly truncated Rgg.
The deletion of nucleotides in the inverted repeat in the rgg-gtfG intergenic region in strain CH⌬10 was designed to examine effects of potential nucleic acid secondary structures on gtfG expression. Although strain CH⌬10 had a deletion of the 3Ј end of rgg similar to that of strains CH⌬R1 and CH⌬35, it showed a significant increase (P Յ 0.00001; one-tailed Student's t test) in GTF activity compared with these strains (Fig.  7) . The strain CH⌬10 nucleotide deletions, which disrupted the region of dyad symmetry, removed the putative gtfG pro- FIG. 7 . Schematic representation of chromosomal regions of S. gordonii strains and relative levels of GTF activity. The white bar indicates existing DNA, whereas the hatched areas indicate deletions. Engineered translational stops, resulting in a similarly encoded truncated Rgg in strains DS512, CH⌬R1, CH⌬35, and CH⌬10, are indicated. Putative Ϫ35 and Ϫ10 promoter regions and Shine-Delgarno ribosomal binding sites (SD) are indicated within regions of dyad symmetry (inverted arrowheads). Strains CH⍀N and CH⍀R1 have an omega terminator (black loop) replacing the rgg promoter and 5Ј end of rgg. Thus, none of these engineered strains can express the product of the parental rgg. Relevant restriction sites are indicated for EcoRV (RV), EcoRI (RI), NcoI (N), SalI (S), and the compatible XhoI (X) site. Relative percent GTF activity (Ϯ standard deviation) is shown for each strain as a percentage of strain CH1 activity, determined by densitometric scanning of activity gels (n Ն 4). Values for the parental strain CH1 were set at 100% for each gel.
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on February 20, 2013 by PENN STATE UNIV http://iai.asm.org/ moter; the putative ribosomal binding site remained. Although it is possible that the DNA deletion in this AT-rich region resulted in the creation of a stronger artificial promoter in strain CH⌬10, it is also possible that because of the nucleotide deletions, the rgg-gtfG polycistronic transcript could not form the potential mRNA stem-loop that sequestered the gtfG ribosomal binding site. Such increased accessibility of the ribosomal binding site could lead to increased translation. Nevertheless, the strain CH⌬10 level of GTF activity was only ca. 36% of the parental strain CH1 level and resulted in Spp Ϫ colonies. Deletion of the rgg promoter and the 5 end of rgg results in decreased GTF activity. To examine the role of the rgg promoter in gtfG expression, strains were constructed in which this region was deleted and replaced with an ⍀ terminator fragment. Additional DNA was deleted in the 5Ј end of rgg in order to determine any potential stabilization or secondary structure roles that upstream DNA might play in gtfG expression. Since it was expected that transformants with the desired deletions in the 5Ј end of rgg would not synthesize parental levels of glucans, Spp Ϫ colonies were selected as putative transformants. Southern hybridization analysis indicated that the desired chromosomal deletions of the rgg promoter up to the NcoI and EcoRI sites within rgg were present in strains CH⍀N and CH⍀R1, respectively (Fig. 6) . Southern blotting demonstrated that these strains had a loss of the SpeI site within the parental rgg putative promoter region, as well as the addition of a HindIII site which is present within the ⍀ terminator fragment (8) , thereby suggesting that the rgg promoter had been replaced by the integrated ⍀ terminator. Nucleotide sequence analysis confirmed these results. Examination of the GTF activities of strains CH⍀N and CH⍀R1 indicated that these strains had only ca. 6% of the parental level of GTF activity (Fig. 7) . These GTF levels were similar to those of strains DS512, CH⌬R1, and CH⌬35, which had both rgg and gtfG putative promoters. The relative strengths of the rgg and gtfG promoters in these engineered strains, which did not express the complete rgg structural gene, were not directly measured in these studies. GTF activities seen in strains CH⍀N and CH⍀R1 supported results observed with strain CH8923, which had a transcriptional terminator immediately upstream of the putative gtfG promoter. These results strongly suggest that the gtfG promoter alone, without the upstream rgg promoter, is sufficient for a low level of GTF expression in the S. gordonii genetic background.
Determination of the chromosomal region necessary for trans-acting rgg to increase gtfG transcription. In order to gain insights into the chromosomal region necessary for the rgg product to increase gtfG expression, recombination-deficient strains were constructed. The recA gene was disrupted in strains DS512, CH⌬R1, CH⌬35, CH⌬10, CH⍀N, and CH⍀R1 (data not shown) to minimize the potential for recombination between plasmid-borne and chromosomal copies of rgg. The resulting recombination-deficient strains, designated by the addition of the letter R to the strain name, were transformed with pAMS57, which carries rgg, and the GTF activities were determined. The results from the recA-deficient parental derivative CHR3 and from strain DS512R were consistent with previous findings with the corresponding recA ϩ strains (25, 32) . Transformation with a plasmid carrying rgg resulted in similar GTF levels in strains CHR3(pAMS57) and DS512R(pAMS57) that were ca. threefold higher than that seen in the plasmid-free parental derivative CHR3; this level was a ca. 90-fold increase above the activity level of strain DS512R (Fig. 5B) .
Strain CH⌬R1R had an increase in GTF activity similar to that of strain DS512 (Fig. 5B) . Strains CHR3 and DS512R and CH⌬R1R all had the same level of GTF activity (within 10%) when transformed with pAMS57. However, transformation with pAMS57 did not increase the GTF activity of strains CH⌬35R and CH⌬10R. These results indicated that the 36 nucleotides at the 3Ј end of the chromosomal rgg in strain CH⌬R1R, which were not present in strains CH⌬35R (shown in italics in Fig. 1 ), were necessary for plasmid-borne rgg to increase GTF activity.
Strains CH⍀NR and CH⍀R1R also had these 36 chromosomal nucleotides at the 3Ј end of rgg. However, transformation of these strains with pAMS57 did not result in the same magnitude of increased GTF activity as seen in strains DS512R (pAMS57) and CH⌬R1R(pAMS57). Rather than the ca. 90-fold increase which resulted in a GTF activity level identical to that of CHR3(pAMS57), strains CH⍀NR(pAMS57) and CH⍀R1R(pAMS57) had only a 2-to 3-fold increase in GTF activity compared to that in the plasmid-free strains (Fig. 5C ). These results suggest the possibility that the presence of an upstream promoter to allow transcription of the 36 nucleotides at the 3Ј end of rgg was necessary for the trans-acting rgg product to increase GTF activity to the maximum extent seen in strains CHR3, DS512R, and CH⌬R1R.
DISCUSSION
The ability of oral streptococci to regulate genes involved in extracellular polysaccharide production can have important implications for the oral microbial ecology. The production of glucans by oral streptococci has been associated with their ability to colonize and accumulate on tooth surfaces (15) . Furthermore, the glucans synthesized by the early colonizers of dental plaque can act as substrata for later colonizing bacterial species, such as those with glucan-binding surface proteins. Thus, regulation of GTF enzymes could affect the microbial composition of the biofilm on tooth surfaces and influence the state of health or disease. The results of the present studies confirm that control of GTF expression in the early colonizing commensal species, S. gordonii, is complex. Previous studies indicate that the product of the regulatory determinant, rgg, acts in trans near the gtfG promoter to increase gtfG transcription (24) . The present studies support this model, but they also suggest that regulation of gtfG by rgg involves additional molecular mechanisms.
Based on nucleotide sequence analysis, it has been previously hypothesized that translation of rgg is necessary for parental levels of gtfG expression (25) . In the parental strain CH1, a stem-loop corresponding to the factor-independent transcription termination site of rgg, but containing the gtfG ribosome binding site, may form in the polycistronic rgg-gtfG mRNA and influence the efficiency of gtfG expression (25) . In the parental strain, the gtfG ribosomal binding site may become available when secondary structure is melted by the translation of rgg, as occurs in translational coupling (19) . The decreased levels of GTF activity seen in strains CH8923, CH8924, and CH8925, which have intervening vector sequences between rgg and gtfG, suggest that rgg and gtfG expression must be adjacent to each other to provide parental levels of GTF activity. The likelihood of cis effects of rgg on gtfG expression is further supported by the GTF levels seen in strain CH⌬10. The deletion of the putative gtfG promoter in this strain also results in loss of nucleotides involved in the potential mRNA secondary structure of the polycistronic transcript. The disruption of the potential stem-loop between rgg and gtfG presumably would increase the accessibility of the gtfG ribosomal binding site to allow increased translation of gtfG. The increased levels of GTF activity seen in strain CH⌬10, compared with GTF levels seen in the other rgg deletion strains CH⌬R1 and CH⌬35, support this possibility. Although such translational coupling, in which efficient translation of a gene is dependent on the translation of the gene immediately preceding it, is fairly well described in E. coli (21) , the optimal configuration of the translational stop and start codons is not known in streptococci. Changes in the distance between these sites can increase or decrease the level of gene expression (30) . Further studies to examine these parameters in S. gordonii gtfG regulation are in progress.
The present studies have also provided insights into the mechanism by which Rgg increases GTF activity. A 36-bp region within the 3Ј end of rgg, extending from the internal EcoRI site to two nucleotides upstream of the translational stop, has been demonstrated to be essential for plasmid-borne rgg to increase GTF activity. This implies that the 3Ј end of rgg is involved, either directly as a binding site or indirectly, by playing a role in secondary structure, in the interaction of Rgg with the gtfG promoter. Increased GTF activity in the presence of plasmid-borne rgg was seen in strains with this chromosomal region, whether both rgg and gtfG promoters were present, as in strains DS512 and CH⌬R1, or if only the gtfG promoter was present, as in strains CH⍀R1 and CH⍀N. Thus, Rgg appears to interact with this 36-bp region at the DNA level. Such a role for Rgg is supported by computer structural predictions (3) that amino acids 11 through 64 have a helix-turn-helix structural motif suggestive of a DNA binding function (39) .
These genetic studies with S. gordonii have implications for understanding regulatory functions of other rgg-like determinants which have been shown to positively regulate transcription of adjacent genes. In S. pyogenes, an rgg-like gene designated as either ropB (16) or rgg (4) is a positive transcriptional regulator of the speB gene encoding the streptococcal erythrogenic toxin B. In S. mutans, the rgg-like mutR regulates expression of the mutA structural gene in the lantibiotic mutacin II operon (20) . The rgg-like gadR of L. lactis encodes a chloride ion-inducible positive regulator of the gadC/B operon involved in pH homeostasis (23) . As seen in the S. gordonii rgg-gtfG intergenic region, it has been noted that these other characterized rgg-like genes are separated from the genes they regulate by DNA inverted repeats (16, 20, 23) . However, these inverted repeats do not share sequence similarity with each other. Computer analysis (3) of these encoded Rgg-like proteins (38) indicates that despite their varied target genes, they share a similar helix-turn-helix motif with potential DNA binding function (39) . Comparison of these characterized rgg-like gene sequences using Clustal analysis (29) indicates that despite overall homology, the 3Ј ends of these genes and the carboxyl-terminal regions of their encoded proteins are less conserved (38) . This suggests that functional specificity of Rgglike proteins may involve amino acids in this region. Accordingly, the 36-bp region identified in the present studies as playing an essential role for plasmid-borne rgg to increase gtfG expression is located within the 3Ј end of rgg immediately upstream of the DNA inverted repeat sequestering the gtfG putative promoter and ribosomal binding site. Sequences similar to these 36 nucleotides are not found in the 3Ј end of S. mutans mutR, L. lactis gadR, or S. pyogenes ropB(rgg), nor is this 36-bp sequence found near the inverted repeats upstream of target genes in these species. Furthermore, nucleic acid database searches (1) did not identify conservation of the S. gordonii 36-bp sequence in other bacteria. This does not preclude the possibility that specific nucleotides within this 36-bp region are conserved among gram-positive species as binding sites for Rgg-like proteins. Nor does it preclude the possibility that additional nucleotides near the gtfG promoter region interact with Rgg. Additional studies will be necessary to identify these specific nucleotides.
A more unexpected result from the present studies was that the magnitude of Rgg interaction with this 36 bp to increase GTF activity was significantly greater if the rgg promoter, ribosomal binding site, and portions of the structural gene were directly upstream of gtfG. This was first evident when comparing GTF levels of strains constructed via plasmid integration. Plasmid-borne rgg could not produce Spp ϩ colonies in strains with rgg separated from gtfG by integrated vector sequences; intervening nucleotides prevented a polycistronic rgg-gtfG transcript in these strains. This finding was supported in strains DS512 and CH⌬R1, constructed by allelic replacement. Due to engineered premature translational stops, the 36-bp region implicated in the Rgg binding interaction could not be translated in either of these two strains. However, both strains had an rgg promoter so that an rgg-gtfG transcript was possible. The level of GTF activity in strains DS512R(pAMS57) and CH⌬R1R(pAMS57) was ca. 90-fold higher than that in strains CH⍀NR(pAMS57) and CH⍀R1R(pAMS57). The chromosomes of the latter two strains each had the 36-bp potential Rgg binding site, but due to the replacement of the rgg promoter with the ⍀ termination fragment, these strains could not make rgg-specific and rgg-gtfG transcripts. The 36-bp chromosomal region implicated as the Rgg binding site begins 72 bp upstream of the gtfG transcriptional start site previously determined by primer extension analysis ( Fig. 1) (24) . The basis for the difference in GTF activity levels in these strains is not known. However, taken together, the data raise the intriguing possibility that in addition to its DNA binding function, Rgg may also interact with the polycistronic rgg-gtfG transcript to increase levels of gtfG expression. It can be speculated that this may involve mRNA processing or stabilization. Although computer database searches (1, 3) did not identify recognized RNA binding motifs within rgg or the immediate downstream region, this does not preclude the existence of an as-yet-unrecognized motif. Additional studies will be necessary to investigate this hypothesis.
The potential role the S. gordonii Rgg plays with the rgg-gtfG transcript would be possible for other Rgg-like proteins if the regulatory and target genes were transcribed in the same reading direction; this occurs with S. mutans mutR and L. lactis (20, 23) . However, the S. pyogenes ropB (rgg) and its target speB are transcribed in divergent reading directions, precluding the existence of an ropB (rgg)-speB polycistronic transcript (16) . Furthermore, recent studies have indicated that S. pyogenes ropB (rgg) may influence a variety of distally located extracellular proteins in addition to SpeB (5). Thus, not all aspects of S. gordonii rgg regulation of gtfG may be generally applicable to all rgg-like determinants. Nevertheless, the present studies have provided important insights into the specificity of gtfG regulation by rgg, and they have provided the bases for additional studies aimed at elucidating the complex molecular mechanisms underlying the control of GTF activity in S. gordonii.
